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STATIC  STABILITY  AND  MAGNUS  CHARACTERISTICS  OF  THE 
U.  S.  NAVY  1,000  POUND  LOW-DRAG  BOMB  AT 
TRANSONIC  SPEEDS 

Prepared  by: 

J.  Green* 


ABSTRACT:  The  Magnus  and  static  stability  characteristics  of  a  0.214- 
sealo  model  of  the  U.  S.  Navy  1,000  pound  Low -Drag  Bomb  have  been 
obtained  from  transonic  wind-tunnel  tests  at  angles  of  attack  up  to  22 
degrees  and  for  various  free-streaa  Reynolds  numbers.  The  variation  in 
static  aerodynamic  coefficients  due  to  roll  orientation  of  the  boob 
through  the  range  0  -  180  degrees  and  drag  effects  due  to  the  addition 
of  external  mounting  lugs  were  also  Investigated.  The  tests  were 
conducted  by  NOL  in  tbe  Cornell  Aeronautical  Laboratory  4x3  foot 
transonic  test  facility.  * 

The  results  of  the  test  indicate  that  the  Magnus  characteristics  of  the 
boob  are  linear  with  rotational  speed  and  non-linear  with  angle  of  attack. 
Variation  in  the  free-stream  Reynolds  number  is  seen  to  affect  the  neaeured 
Magnus  characteristics  appreciably  at  all  Mach  numbers  and  angles  of  attack. 
It  Is  further  shown  that  significant  changes  in  the  pitch,  yaw,  and  roll 
momtents  may  be  expocted  to  accompany  variations  in  tba  roll  orientation  of 
the  bomb. 
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This  report  presents  the  Magnus  and  static  stability  characteristics 
of  a  0,214-ecale  model  of  the  U.  3.  Navy  1,00.'  pcund  Low- Drag  Bomb  at 
transonic  speeds.  The  data  were  obtained  in  the  4x3  foot  transonic 
test  facility  at  the  Cornell  Aeronautical  Laboratory  In  Buffalo*  New 
York  under  task  number  803-767/73OO3/OI.  Special  instrumentation 
required  to  spin  the  model  and  measure  dynamic  forces  and  momenta  was 
furnished  by  the  Naval  Ordnance  Laboratory. 
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STATIC  STABILITY  AND  MAGNUS  CHARACTERISTICS  OF  THE 
U.  S.  NAVY  1,000  POUND  LOW-DRAG  BOMB  AT 
TRANSONIC  SPEEDS 


INTRODUCTION 

1.  The  Low-Drag  Boob  family  stems  from  an  external-store  design  originally 
developed  by  the  Duuglas  Xircraft  Company.  The  bomba  of  the  series  ore 
geometrically  similar  In  shape  but  vary  In  weight  from  250  pound*  (Mk  79) 
to  2,000  pounds  (Mk  82).  For  the  purpose  of  the  investigation  reported 
herein,  the  1,000  pound  bctab ,  Mk  Si,  has  been  chosen  as  the  representative 
bomb  to  which  all  teat  parasMters  have  been  referred. 

2.  During  initial  field  evaluation  and  development  of  the  Low-Drag  Bomb, 
it  v&a  observed  that  on  occasion  the  bomb  would  develop  large  pitching  and 
yawing  motions  during  the  course  of  its  trajectory.  Subsequently  it  was 
conjectured  that  the  cause  of  this  somewhat  erratic  motion  stewed  fran 
the  cosiblned  effects  of  the  rolling  motion,  the  pitch  and  yaw  frequency, 
and  the  resulting  yaw  and  Magnus  moments  which  arise  due  to  the  roll  and 
pitch  characteristics  of  the  bomb  (reference  a).  In  order  to  obtain 
experimental  data  that  would  help  to  explain  such  erratic  missile  motion 
as  was  observed,  the  Bureau  of  Ordnance  directed  the  Naval  Ordnance 
Laboratory  to  investigate  the  aerodynamic  characteristics  or  the  bomb. 

3«  As  part  of  the  subsequent  Low-Drag  Bomb  program,  NOL  has  conducted  tests 
in  recent  months  to  determine  the  Magnus  and  static  stability  characteristics 
of  the  bomb  at  low-tubaonic  speeds  (V<*  250  feet  per  second),  reference  (b). 
More  recently,  NOL  has  tested  the  bomb  in  the  Cornell  Aeronautical  Laboratory 
test  facilities  to  determine  the  transonic  aerodynamics  of  the  configuration 
at  angles  of  attack  up  to  22  degrees  and  Mach  numbers  from  0.60  to  1.25 . 

4.  Using  a  0.2lU-scale  model  of  the  bomb,  s ix-ccmponent  static  data  and 
Magnus  force  and  moment  characteristics  were  measured  at  spin  rates  scaled 
from  the  1,000  pound  bomb.  The  Magnus  data  were  .obtained,  at  free-stream 
Reynolds  numbers  of  2  x  1Q&,  U  x  10^,  and  6  x  10°,  based  on  model  total  length. 
Static, coefficients  were  obtained  only  at  a  free-streaa  Reynolds  number  of 
4  x  100.  The  figures  shoving  static  stability  coefficients  are  presented  in 
graphical  form  only  for  representative  Mach  numbers;  however,  a  complete 
Hating  of  the  static  coefficients  for  all  test  Mach  mmbers  are  tabulated 
In  Appendix  I. 


Symbols 

A  maximum  body  cross-sectional  area  (aq.  ft.) 
C,\  axial  force  coefficient 

C  normal  force  coefficient  =  qA 
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Symbols  (Cant’d) 


CM=.S. 


'Vc.g. 


Mc.S. 


^c.g. 


side  force  coefficient  ■  Y/qA 

rolling  moment  coefficient  ■  /qAd 

pitching  moment  coefficient  referred  to  the  center  of 
gravity  »  M  c.g./<lAd 

yaving  moment  coefficient  referred  to  the  center  of 
gravity  -  MVc<g>/qAd 

Magnus  force  coefficient  (side  force  coefficient  due  to 
spin)  »  i)Y  1  2Y 
5p  *  qA  *  d 

Magnus  moment  coefficient  (yaving  moment  coefficient  due  to 
spin)  -  dMue.ft,  1  2V 

Op  OA  '  <? 

slope  of  normal  force  coefficient  through  a  •  0  degrees 
slope  of  pitching  moment  coefficient  through  a  -  0  degrees 
maximum  body  diameter  (ft.)  ■  1  (one)  caliber 
body  length  (ft.) 
rolling  moment  (ft. -lbs.) 

pitching  moment  referred  to  the  center  of  gravity  (ft. -lbs.) 
yaving  moment  referred  to  the  center  of  gravity  ( ft .  -lbs . ) 


drag  force  (iba.j 
normal  force  (lbs.) 
side  force  (lbs.) 

body  rotational  speed  (radians/sec)  -  positive  vhen  model  is 
rotating  cloclcvlse  as  visvtd  from  the  base 

dynamic  pressure  (lbs. /sq.ft. ) 

Reynolds  number  -  ^ 

free-streaa  velocity  (ft. /sec.) 

absolute  coefficient  of  viscosity  of  air  ( lbs. -sec. /ft. 3q. ) 
air  density  (slugs/cu.ft. ) 


,  Ti?*'"'*  1  7 
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Symbol*  (Cont'd) 


a  angle  of  attack  ( degree* ) 

T£  angle  of  yaw  (degrees) 

0  model  roll  angle  -  positive  when  model  1*  rolled  clockwise  ae 

viewed  from  the  base 


Test  Apparatus  and  Procedure 

5.  The  test*  eere  conducted  using  the  Cornell  Aeronautical  Laboratory 
4*3  foot  transonic  cart.  Tte  cart  is  essentially  a  separate  test 
section  which  can  be  placed  in  the  normal  10  x  12  foot  wind-tunnel  test 
section.  Spesdt  up  to  about  Mach  number  1.23  can  be  obtained.  Normal 
angle  of  attack  range  is  limited  to  approximately  +  13  degrees.  However, 
for  angles  above  15  degrees,  a  "dog-leg"  sting  adapter  may  be  used  to 
extend  the  angle  of  attack  range  in  one  direction.  Further  Information  on 
the  Cornell  test  facility  any  be  found  in  reference  (c). 

6.  The  pertinent  dimensions  of  the  bomb  configuration  and  the  details  of 
the  mounting  lugs  are  shewn  in  Figure  2.  In  order  to  test  at  angles  above 
20  degrees,  the  model  length  was  limited  to  spproxlmetely  2b  inches  and  the 
maximum  body  diameter  to  3  inches.  Model  spin  m  provided  by  a  7  S.P. 

24,000  RPM,  variable  frequency,  vntsr-cooled  motor  mounted  on  the  forward 
end  of  a  strain-gaged  balance  beam.  The  motor  wim  internally  geared  to  the 
model  by  a  4.2 si  reduction  gear.  3t rain-gage  leads,  motor  wires,  and  vater 
tubes  were  coupled  to  their  respective  power  sources  by  running  the  leads 
through  a  hollow  center  core  in  the  sting.  Model  spin  was  measured  by  a 
tackssstcr  scuntcd  in  the  rear  of  the  motor  sect  ion.  Fra*  the  txebesweter 
signal,  the  spin  rate  was  recorded  In  revolutions  per  minute  on  a  Berkeley 
EPUT  counter. 

7.  Magnus  forces  and  moments  acting  on  the  model  were  measured  by  means  of 
a  four-component  strain-gage  balance  designed  and  manufactured  by  the 
Naval  Ordnance  Laboratory  Since  it  vaa  desirable  to  obtain  the  variation, 
if  any,  of  the  stability  coefficients  botveen  a  "minimum"  spin  rate  (l.e., 
a  spin  rate  Just  sufficient  to  "average"  the  normal  forces  and  pitching 
moments  due  to  static  roll  orientation— approximately  30  RPM)  and  the 
maximum  test  cpin  rate  of  2,000  RFM,  the  balance  vaa  also  designed  to  measure 
normal  forcea  and  pitching  moments.  Both  the  Magnus  and  "static"  stability 
characteristics  vere  obtained  up  to  2,2  degrees  angle  of  attack  in  increments 
of  four  degrees.  Teat  procedure  for  the  Magnus  measurements  was  to  set  the 
model  at  the  desired  angle  of  attack  and  slowly  advance  the  model  spin  to 
the  maximum  rate.  The  output  signals  of  the  strain-gages  measuring  Magnus 
forces  and  moments  vere  suitably  amplified  and  supplied  to  the  pen  drive 

on  u  two-channel,  Leeds  and  Northrup,  Speed -0 -Max  recorder.  3y  modifying 
the  conventional  time  drive  of  the  recorder  chart  to  include  a  aervo-motor 
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driven  by  the  model  tach  enter  signal,  it  vas  possible  to  position  the 
chart  as  a  function  of  the  model  rotational  speed  and  thus  obtain  a 
“trace"  or  record  of  the  Magnus  mo— nt  and  pitching  so— nt  about  each 
of  the  gage  sections  as  a  function  of  model  spin  rate  for  each  angle  of 
attack.  However,  due  to  the  inability  of  the  recorder  chart  to  follow 
a  tachometer  signal  corresponding  to  approximately  50  revolution  per 
minute  or  less,  it  was  necessary  to  extrapolate  the  moment  "traces"  to 
zaxo  rotational  speed  in  order  to  obtain  an  Initial  slope  through  zero. 

9.  Six-component  static  measure— nts  oa  the  bomb  were  obtained  using  the 
CAL  3-112  balance  (reference  d).  Tree-stream  Reynolds  number  based  on 
total  model  length  vas  kept  constant  at  4  x  10°  throughout  the  static 
measure— nts*  Six -component  data  were  obtained  only  to  22  degrees  angle  . 
of  attack  for  selected  model  roll  positions  from  0  degrees  to  180  degrees. 


Data  Reduction 


9*  Within  the  experime ntal  error,  the  Magnum  mo— nt  "traces"  obtained  on 
the  recorder  charts  vere  found  to  be  linear  with  modal  rotational  speed. 

It  was  sufficient,  therefore,  in  determining  coefficients,  to  use  only 
the  difference  in  the  gage  Magnus  mo— nt  between  the  extrapolated  zero  RPM 
value  and  2000  PPM.  Proa  this  value,  the  Magnus  coefficients,  CY  and  , 
were  converted  to  non-dime naional  form  by  the  relatione  p  p 


2Y  1 

7  *  4A 


1_ 

qA 


Normal  force,  pitching  mo— nt,  side  force,  yawing  me— nt,  roll  mo— nt,  and 
drag  vere  reduced  to  the  conventional  coefficient  forme  as  shown  in  the 
section  under  Symbols. 


Precision  of  Data 

10.  The  precision  of  the  Magnus  data  obtained  during  the  test  is  somewhat 
poorer  than  would  be  desirable.  Since  it  vas  necessary  that  the  Magnus 
balance  measuro  relatively  small  forces  and  moments  (Magnus  forces  In  the 
order  of  10  percent  to  20  percent  of  the  expected  normal  forces),  as  a 
consequance  it  was  also  sensitive  to  any  random  model  oscillations  of  free- 
streaa  disturbances.  From  previous  experience,  it  was  expected  that  the 
recorder  traces  would  chov  that  the  model  was  experiencing  a  ccaevhat 
erratic,  high  frequency  small  amplitude  oscillation.  Oscillations  of  this 
type  ar  *  not  surprising  in  vlav  of  the  flexible  balance  used  and  the 
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relatively  high  rotational  speeds  attained  during  the  teat.  Past 
experience  in  similar  testa  baa  indicated  that  cere  re  buffet ting  of  the 
model  will  often  occur  at  angles  of  attach  above  10  to  15  degrees, 
depending  on  the  spin  rate  and  general  configuration  of  the  model.  As 
a  consequence,  the  "Magnus  traces"  consisted  of  "bands"  vbose  limits 
were  the  maximum  and  minimus  peaks  of  the  high-frequency  model  oscilla¬ 
tions.  The  value  of  the  Magnus  moment  at  any  spin  rate  vac  then  assused 
to  be  the  displacement  of  a  point,  on  a  mean  line  through  the  fluctuation*, 
relative  to  any  indicated  moment  due  to  static  side  forces  which  mlg.it 
arias  at  zero  spin  rate.  Taking  Into  account  the  model  oscillations; 
plus  the  uncertainties  involved  in  determining  the  test  parameters, 
physical  measurements  and  reader  error,  the  probable  error  in  the  Magnus 
coefficients  at  various  angles  of  attack  has  been  estimated  to  have  the 
following  values : 


a  -  angle  of  attack 

TP 

s 

4° 

i  0.32 

♦  0.24 

12° 

♦  0.45 

m 

♦  0.49 

22" 

+  1.00 
m 

♦  1.03 

11.  In  view  of  the  fairly  large  uncertainties  in  the  Magnus  data  *v:. 
plus  the  relatively  small  angle  of  attack  correction  indicated  by  a 
deflection  load  calibration,  it  was  thought  unnecessary  to  correct  the 
Magnus  data  for  pitch  deflection  loads  at  angle  of  attack.  All  the  Magnus 
data  shown  in  this  report  therefore  are  presented  for  indicated  angles  of 
attack  only. 

12.  Uncertainties  in  the  static  data  have  been  estimated  from  repeated 
measurements  to  be  as  follows: 


s 

♦ 

.0046 

Ss.g, 

♦ 

• 

.0099 

Cv 

* 

m 

.C033 

C*c.g. 

+ 

.0045 

CA 

+ 

.0061 

CA 

+ 

•C035 

I 


\ 


I 

I 
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Discussion  of  Results 

13*  With  tbs  advent  in  recent  years  of  reliable  dynamic  test  techniques, 
it  has  beccm*  of  increasing  value  to  include  measurements  of  the  Magnus 
forces  and  moments  in  wind-tunnel  development  tests  of  spinning,  fin- 
stabilized  configurations.  Unstable  flights  of  Weapon  A  and  the  6-inch 
Test  Vehicle  (references  e  and  f )  together  with  subsequent  calculations 
and  dynamic  wind-tunnel  measurements,  have  borne  out  the  necessity  for 
Magnus  measurements  end  their  inclusion  in  the  method  of  predicting  the 
stability  performance  of  any  spinning,  flu-stabilized  configuration. 
Accordingly,  developmental  wind-tunnel  tests  of  the  Low-Dreg  Bomb  have 
included  measurements  of  the  Magnus  forest  and  moments  acting  on  the  bomb, 
at  spin  rates  and  angles  of  attack  comparable  to  those  which  might  be 
expected  in  free-fllght  tests.  . 

lb.  Figures  3  through  11  present  the  Magnus  force  and  moment  coefficients 
of  the  booh  ae  a  function  of  angle  of  attack  for  various  Reynolds  mmbero 
and  Mach  maters.  The  free-itream  Reynolds  matter  was  held  constant  at 
2  x  10°  and  b  x  10°  (based  on  total  model  length)  for  two  separate  Much 
number  rune  from  M  ■  0.80  to  M  «  1.25,  and  at  6  x  10°  for  a  third  Mach 

number  run  ranging  only  rren  M  ■  O.faO  to  M  -  O.95. 

15*  Examination  of  Figures  3  through  10  shows  that  the  variation  of  the 
Magnus  coefficients  la,  In  general,  non-linear  with  increasing  angle  of 
attack.  This  Is  markedly  so  for  the  Magnus  coefficients  at  freo-streaa 
Reynolds  mater*  of  2  x  10°.  At  this  Reynolds  number,  the  Magnus  moment 
varies  from  negative  valuta  at  M  m  1.25  at  all  angles  of  attack,  to 

positive  values  at  a  Mach  niaber  of  M  ■  1.0C  and  below.  The  change  In 

moment  Is  due  to  oppositely  directed  Magnus  forces  rather  than  to  movement 
of  the  center  of  pressure.  At  the  higher  free-streo*  Reynolds  numbers  of 
b  x  10°  and  6  x  10°  the  Magnus  moment  is  positive  throughout  the  respective 
range  of  test  Maou  numbers.  An  explanation  for  the  "reversed''  Magnus 
forces  Is  nob  readily  available.  However,  It  has  recently  been  observed 
by  some  experimenters  (reference  g)  that  at  lov  subsonic  speeds  It  Is 
possible  to  generate  either  positive  or  negative  Magnus  forces ,  for 
example  on  a  spinning  cylinder  In  cross-flow,  by  varying  the  local  Reynolds 
number  around  the  periphery  of  the  cylinder  In  such  a  way  as  to  cause 
osynmetrical  boundary* layer  transition  and/or  separation.  In  this  manner, 
the  pressure  distribution  around  the  cylinder  Is  such  that  the  Magnus 
forces  may  act  in  either  direction  depending  on  the  magnitude  of  the  local 
Reynaldo  number  and  consequent  boundary- layer  separation  position.  It  is 
conceivable  then  that  the  combination  of  the  local  cross-flow  Reynolds 
number,  model  surface  cordition,  and  possible  0 hock -boundary  layer  inter¬ 
action  along  the  model  surface  may  set  up  conditions  favorable  to  "reversed,'’ 
Magnus  forces  such  as  those  measured  during  the  test.  From  Figures  3 
through  10  It  can  be  seen  that  the  variation  in  the  Magnus  coefficients  with 
Reynolds  number  is  vlde-apread.  This  is  especially  true  for  the  higher 
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angles  of  attack.  In  general.  It  Is  thought  that  xucb  of  the  suspected 
Reynolds  masher  effect  believed  to  be  present  In  the  Magnus  coefficients 
has  been  obliterated  by  the  somewhat  large  experimental  error  in  the 
"raw"  Magnus  data.  The  small  magnitude  of  the  Magnus  forces  and  Moments 
together  with  the  relatively  large  normal  forces  and  pitching  moments 
experienced  by  the  bomb  impede,  to  a  certain  extent,  compatible  simultaneous 
measurements  of  these  forces  and  moments  using  the  type  of  balance  system 
necessitated  by  the  test  parameters. 

16.  Figure  11  indicates  that  the  Magnus  force  and  moment  characteristics 
of  the  bomb  aro  highly  non- linear  with  Increasing  Mach  number,  especially 
in  the  region  of  M  »  1.0  and  above.  It  Is  to  be  noted  that  Figure  11  shows 
the  Magnus  force  and  moment  coefficient  only  at  a  spin  rate  of  2000  RR4 
and,  for  a  free-streaa  Reynolds  number  of  k  r  10®.  However,  since  the 
Magnus  data  at  any  given  angle  of  attack  is  linear  with  model  spin  rate, 
the  data  sheen  in  Figure  11  are  representative  of  the  variation  of  the 
Magnus  characteristics  vith  Mach  number  for  all  spin  rates,  at  least  up  to 
2000  KFM.  Site  that  the  magnitude  of  the  muxlmum  Magnus  moment  (at  M  -  O.60) 

Is  only  15  percent  of  the  maximum  pitching  moment  of  the  boob  at  22  degress 
aagle  of  attack. 

17*  A  prerlous  investigation  of  the  bomb  at  a  Reynolds  number  of  6.3  x  106 
and  a  MaeU  number  of  M  -  0.22  (reference  b)  indicates  that  little  change  In 
the  Magnus  characteristics  might  be  expected  between  M  ■  O.So  and  M  -  0.22. 

18.  Figures  12  through  19  show  the  noimal  force  and  pitching  moment 
characteristics  of  the  bomb  for  various  roll  orientation*  from  0  to  180 
degress.  The  zero  isgree  roll  position  is  taken  to  be  the  position  of  the 
model  when  the  mounting  lugs  (Figure  2)  lie  In  the  pitch  plane  of  the  model 
and  the  fins  are  displaced  45  degree*  from  that  plan*.  Figures  12  through  19 
also  show  the  variation  of  the  normal  force  center  of  pressure  with  angle  of 
attack  for  various  roil  positions.  It  is  evldsnt  from  examination  of  these 
data  that  the  bomb  is  statically  stable  throughout  tb%  test  Mach  number  range. 
To  be  noted  is  the  expected  large  variation  in  pitching  moment  and  normal  force 
that  occurs  as  the  model  is  rolled  45  degree*  frcm  the  zero  roll  position . 

In  general,  at  22  degrees  angle  of  attack  an  average  Increase  of  75  percent 
In  the  pitching  moment  coefficient  occurs  for  a  roll  displacement  of  45  degrees 
from  the  zero  roll  position  at  Mach  numbers  of  M  •  0.60  through  M  *  1.25, 
Similar  increases  la  the  normal  force  coefficients  amount  to  approximately  10 
percent  at  M  ■  1.25  to  about  25  percent  at  M  ■  O.60.  The  center  of  pressure 
travel  due  to  angle  of  attack  increase  la  relatively  small,  varying  less  than 
one-half  caliber  moot  Mach  numbers. 

19.  Figure  20  indicates  that  the  variation  of  the  normal-force  and  pitching - 
acaent  coefficients  with  Mach  number  la  generally  slight  for  Mach  numbers 
below  approximately  M  =»  1.0.  .in  appreciable  variation  13  noted,  however,  at 
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angles  of  attack  above  16  degrees  whdre  a  somewhat  precipitate  drop  in 
the  pitehing-oooent  coefficient  occurs  as  the  Mach  number  is  increased 
beyond  M  ■  1.0.  The  decrease  is  due,  however,  to  a  forward  travel  in 
the  center  of  pressure  rather  than  a  loss  in  lift. 

20.  Figure  21  shows  a  comparison  of  the  normal-force  and  pitching-moment 
coefficient  slopes,  and  G^,  respectively,  from  wind-tunnel  and  free- 
f light  measurements  (reference  g).  The  cross-hatched  band  depicts  the 
maximum  and  minimus  limits  of  the  slopes  due  to  static  model  roll  positions 
of  0  ■  45°  and  jf!  *>  0°  respectively.  As  indicated  on  the  plot,  the  broken 
curves  illustrate  the  variation  of  the  slopes  as  determined  from  free  "flight, 
measurements  In  the  NOL  Freoaurlzed  Ballistics  Range  and  from  wind-tunnel 
measurements  mads  with  the  nodal  spinning  at  the  maximum  rate  of  2000  RPM. 

Data  from  these  tests  are  considered  to  be  somewhat  lass  reliable  than  the 
static  or  free-fllght  data  since  considerable  scatter  was  present  In  the 
coefficients  at  low  angles  of  attack.  These  latter  measurements  were,  of 
course,  subject  to  the  some  disturbances  as  previously  cited  for  tbs  Magnus 
measurements  and  because  of  tala  are  plotted  only  for  a  qualitative  comparison 
with  the  static  and  free-fllght  slopes.  As  can  be  noted  from  Figure  21,  the 
normal  "force  coefficient  slopes  from  the  static  and  free-fllght  data  agree 
quite  well  except  at  the  higher  Mach  numbers  above  approximately  M  -  1.05. 

The  moment  slopes  are  not  In  as  good  agreement,  the  free-fllght  data  indicating 
less  "stability"  at  Mach  numbers  in  the  range  0.92  M  21.1  and  somewhat 
higher  "stability"  in  the  immediate  range  around  M  ■  1.0  than  is  indicated 
by  tha  wind-tunnel  data. 

21.  In  reference  to  Figures  22  through  25,  it  is  usually  assumed  that  a 
cruciform  finned  projectile  pitched  at  an  arbitrary  angle  of  attach  will 
experience  no  side  force  or  yawing  moment  as  long  as  the  fins  are  in  a 
symmetrical  position  relative  to  the  pitch  plane.  If  the  projectile  is 
rolled  about  the  longitudinal  axis  until  the  fins  are  no  longer  symmetrical 
relative  to  the  pitch  piano,  a  side  force  and  yawing  moment  will  appear 
which  are  dependent  on  the  roll  angle  0,  and  the  magnitude  of  the  angle  of 
attack,  a.  Reference  (a},  in  discussing  the  action  of  the  yawing  moment 

In  coDoectloz.  with  the  phenomenon  of  so-called  "catastrophic  yaw,"  suggests 
that  for  certain  special  cases  the  yawing  moment  may  combine  with  the  Magnus 
moment  and  thus  give  rise  to  the  occasionally-observed  large  pitching  and 
yawing  motions  of  spinning,  fin-stabilized  missiles. 

22.  Figaros  22  through  25  show  the  variaticn  of  the  side  force  and  yawing 
moment  coefficients  with  model  roll  angle  for  various  angles  of  attack.  As 
is  evident  from  these  data,  the  coefficients  are  roughly  proportional  to 

sin  4jZ(  at  any  arbitrary  angle  of  attack.  It  is  to  be  noted  that  the  indicated 
test  points  on  these  plots  have  been  adjusted  by  an  amount  equal  to  the  dis¬ 
placement  of  the  side  force  or  yawing  moment  coefficient  from  the  zero 
coefficient  value  at  zero  angle  of  attack  for  each  roll  position.  'The 
"uncorrected"  values  of  the  side  force  and  yawing  moment  coefficients  are 
tabulated  in  the  Appendix.  The  3taall  "trim  1  angles  in  the  data  at  zero 
angle  of  attack  were  assumed  to  arise  from  misalignments  of  the  model  along 
the  tunnel  centerline  and  not  from  aerodynamic  causes. 
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23.  As  previously  mentioned,  reference  (a)  suggests  that  for  certain, 
cases  (rlz.,  "lunar  notion"  or  "resonance")  the  yawing  and  Magnus 
acacnts  acting  on  a  finned  ads  all*  nay  cooblus  whan  the  missile  is  rolled 
at  an  angle  such  that  the  moments  are  of  the  ua»  sign.  It  aay  be  seen 
from  Figures  22  through  25  that  these  "critical"  angle  ranges  for  tbs  boob 
apparently  occur  in  the  vicinity  of  55°  -  $  -85°,  end  135”-  $  -180®. 

Note  that  the  magnitude  of  the  yawing  motet  is  considerably  less  for 

55°  £  $  t.  65°.  In  this  range,  the  mounting  lugs  are  located  in  the  lee- side 

of  the  model  and  skewed  relative  to  the  pitch  plans  at  armies  of  attack. 

Thus,  It  is. possible  that  the  lugs  may  influence  the  body-shed  vortices  in 
such  a  manner  as  to  Introduce  an  interference  effect  which  would  be  felt  by 
the  fins  with  a  resultant  variation  in  the  magnitude  of  the  yawing  newest  in 
this  roll  angle  range. 

2k.  In  general,  the  yawing  moment  is  little  affected  by  Mach  number  at 
angles  of  attack  of  1 6  degrees  and  below.  At  higher  angles,  however,  and, 
in  particular  at  model  roll  angles  where  the  peak,  positive  yawing  tenants 
occur,  t'  variation  of  the  yaw  moment  with  Mach  ntmber  is  somewhat  erratic 
and  inconclusive* 

25.  Static  rolling  moment  coefficients  are  shown  in  Figures  26  through  29 
s»  a  function  of  ssdsl  angle  of  attack  and  roll  orientation.  As  may  m 
noted  from  these  plots,  the  rolling  moment  coefficient  is  also  roughly 
dependent  on  aln  at  least  for  angles  of  attack  of  l6  degrees  and  above  • 

The  relatively  constant  moment  experienced  by  the  modal  at  angles  of  attack 
of  12  degrees  and  below  indicate  that  little  or  no  Induced  roll  effects 
are  present  »t  these  angles. 

26.  The  variation  of  the  roll  moment  coefficient  with  Mach  mmber  appears 
to  be  negligible  at  12  degraes  angle  of  attack  and  below.  At  the  higher 
angles,  however,  if  the  peak  positive  and  negative  moments  are  considered, 
the  maxima  moments  show  somewhat  different  characteristics.  In  general, 
it  is  savoi  that  for  roll  angles  of  p  equal  to  approximately  22.5  and  112.5 
degrees,  the  tendency  of  the  maximum  roll  coefficient  is  to  decrease  with 
increasing  Mach  number  from  M  ■  0.60  to  M  ■  1.25*  For  roll  angles  of  $  ■  67.5 
degrees  and  157.5  degrees,  the  roll  coefficient  generally  increases  (i.e.,  a 
larger  negative  moment  in  this  case)  except  for  a  small  region  between 

M  ■  O.90  to  M  -  1.0.  Here,  the  rolling  moment  coefficient  decreases  quite 
rapidly,  appearing  almost  as  a  discontinuity  for  certain  angles  of  attack, 
but  Increasing  once  again  beyond  M  •  1.0. 

27.  Figure  30  shovi  the  variation  of  the  spin  parameter,  pd/2V,  as  a 
function  of  angle  of  attack  for  various  Mach  numbers.  For  these  teats, 

It  was  desired  to  obtain  some  idea  of  the  equilibrium  spin  rate  of  tbs 
bomb  with  increasing  angle  of  attack.  3/  removing  the  motor  and  gearing 
structure  the  model  was  free  to  rotate,  presumably  somewhere  near  the 
equilibrium  spin  rate.  Since  it  vaa  not  possible  to  determine  the  bearing 
friction  in  the  model,  Figure  30  above  only  a  qualitative  representation  of 
the  opin  history.  From  these  data  it  appears  that  the  model  spin  reaches  a 
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o&xlaua  at  seme  angle  of  attack  artund  18  -  20  degrees  for  the  lover 
Kach  numbers.  Above  M  -  0.95/  however ,  a  peak  is  reached  at  sooevhat 
lower  angles.  Mote  the  fairly  rapid  drop  in  spin  rate  that  occurs 
around  M  »  1.25. 

23.  Previous  low-speed  investigations  on  the  Low-Drag  Boob  (7T0L  un¬ 
published  date)  have  Indicated  that  &  similar  "speed-up"  in  roll  rate 
occurs  when  the  bomb  is  subjected  to  anglss  of  attack  above  approximately 
30  degrees.  Results  of  these  testa  show  that  the  epin  rate  can  approach 
values  as  high  as  four  times  ths  zero  angle  of  attack  roll  rate,  depending 
on  the  angle  of  attack.  Tests  are  presently  being  carried  out  in  the 
Smoke  Tunnel  at  the  University  of  Notre  Dame  in  an  effort  to  determine 
and  subsequently  control  the  serodynaaic  mechanism  governing  the  roll 
speed-up  phenomenon. 

29.  Figure  31  presents  the  zero-lift  drag  coefficient  of  the  bomb  with 
and  without  mounting  lugs  attached  to  the  bomb.  Tor  comparison,  the  total 
zero-lift  drag  coefficient  of  the  boob  dsterml^ed  from  firings  of  a  0. 056- 
scale  model  with  lugs  in  the  NOL  Pressurized  Ballistics  Range  is  also 
shove  { reference  Zt  ehculd  be  noted  that  the  nd coefficients 

have  been  adjusted  to  zero  baa*  drag.  Accordingly,  the  solid  curves  in 
Figure  31  are  representative  of  only  the  wave  drag  plus  skin  friction 
drag  of  the  modal.  It  may  be  noted  from  these  curves  that  the  drag 
coefficient  shows  the  characteristic  transonic  drag  rise  at  approximately 
M  -  1,05  to  1.10.  The  increase  in  drag  due  to  mounting  lugs  Is  fairly 
consistent  throughout  the  Mach  number  range,  averaging  approximately  0.025 
in  terms  of  ths  coefficient  value. 


Sunary 

30.  In  summary,  ths  recults  presented  in  this  report  show  that  the  Magnus 
force  and  moment  coefficients  of  the  booh  are  linearly  dependent  on  the 
bomb  rotational  speed*  It  is  seen  that  the  Magnus  force  »nd  moment  are 
also  depandsnt  on  tbs  free-stream  Reynolds  numbeq  in  scot  cases  being  of 
opposite  sign  due  to  reversed  Magnus  forces  experienced  at  the  lower 
Reynolds  numbers.  In  addition,  ths  hfcgnus  coefficients  are  seen  to  be 
generally  non-linear  with  angle  of  attack  and  of  relatively  small  magnitude 
compared  to  the  static  normal  force  and  pitching  moment  coefficients. 

31.  The  results  also  show  the  bomb  to  be  statically  stable  at  all  angles 
of  attack.  It  la  seen  that  static  normal  forcas  and  pitching  momenta  vary 
appreciably  with  fin-roll  orientation.  A  roll  displacement  of  45  degrees 
from  the  zero  roll  position  can  increase  the  pitching  moment  by  approximately 
75  percent  and  thu  normal  force  up  to  25  percent.  Static  side  forces  and 
moments,  and  static  rolling  moments,  were  also  found  to  be  non-linear  with 
increasing  angle  of  attack.  Variation  of  these  coefficients  vith  model 

roll  angle  Is  roughly  proportional  to  sin  40  for  angles  of  attack  above 
approximately  12  degrees.  In  addition,  it  ia  seen  that  the  drag  rise  due 
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to  mounting  luge  is  fairly  a mall  over  the  test  Mach  auaber  range, 
averaging  only  0.023  in  terms  of  t£e  coefficient  value. 
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TABLE  I  . 
Test  Conditions 


Run 

Mach  No. 

Dynamic  Pressure 
(lba/ft2)  ♦  1  pef 

Reynolds  No. 
{Re  x  10“6) 

Measure¬ 

ment 

1 

1.25 

213 

2 

Magnus 

2 

1.20 

205 

2 

Magnus 

3 

1.10 

197 

2 

Magnus 

4 

1.00 

187 

2 

Magnus 

5 

0.95 

180 

2 

Magnus 

6 

0.90 

in 

2 

Magnus 

7 

0.80 

162 

2 

Magnus 

a 

1.25 

427 

4 

Magnus 

9 

1.00 

374 

4 

Magnus 

10 

1.20 

411 

4 

Magnus 

JJ. 

•a  m  a 

x.xu 

394 

4 

Magnus 

12 

0.95 

359 

4 

Magnus 

13 

0.90 

348 

4 

Magnus 

14 

0.80 

317 

4 

Magnus 

15 

0.95 

539 

6 

Magnus 

16 

0.90 

514 

6 

Magnus 

17 

0.80 

477 

6 

Magnus 

18 

0.60 

384 

6 

Magnus 

19 

0.60 

384 

6 

Magnus 

47 

1.25 

427 

4 

6-ecwpo- 

nent 

static 

48 

1.20 

411 

4 

6-eceipc- 

nent 

static 

49 

1.10 

394 

4 

6-ceepo- 

nent 

static 

50 

1.00 

374 

4 

6-ccapo- 

nent 

static 

51 

0.95 

359 

4 

6-ccopo- 

nent 

static 

52 

0.90 

343 

2 

o-cosspo- 

nant 

static 

53 

0.80 

3-17 

4 

6-ccnpo- 

nent 

static 

Roll  Angle 
(0  -Degree*) 


0° 


0° 


0° 


0° 


0° 

0° 

0° 


13 
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TABLE  I  (Coot'd) 


Run 

Mach  No. 

Dynamic^Pressure 
(l bs/ft6)  t  1  paf 

Reynold*  No. 
(Re  x  10"°) 

Measure¬ 

ment 

Roll  Angle 
(0  -Degrees) 

5-r 

o.6o 

251 

4 

6 -compo¬ 
nent 
static 

0° 

55 

1.25 

427 

4 

6 -compo¬ 
nent 
static 

II.250 

56 

1.00 

374 

4 

6-compo- 

nent 

static 

11.25° 

57 

0.90 

346 

4 

6 -compo¬ 
nent 
static 

11.25° 

53 

u.ou 

251 

4 

6-CunpO« 

nent 

static 

1  1  neO 

J J..4; 

59 

1.25 

427 

4 

6 -compo¬ 
nent 
static 

22.50° 

60 

1.10 

394 

4 

6-compo- 

nent 

static 

22.50° 

6l 

1.00 

374 

4 

6-ccurpo- 

nent 

static 

22.50° 

6a 

0.90 

346 

4 

6-coopo- 

nent 

static 

22.50° 

63 

0.60 

251 

4 

6 -compo¬ 
nent 
static 

22.50° 

64 

1.25 

427 

4 

6-compo¬ 

nent 

static 

33.75° 

65 

1.00 

374 

4 

6-compo¬ 

nent 

stutlc 

33.75° 

66 

0.90 

348 

4 

6-Cumpo- 

nent 

static 

33-75° 

67 

0.60 

251 

4 

6-ccnrpo- 

r.ent 

static 

33-75° 

6fl 

1.25 

427 

4 

6-ccnrpo- 

nant 

static 

45.00° 
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TABLE  I  (Cont'd) 


• 

Run 

Mach  No. 

Dynaalo  Pressure 

Reynolds  No. 

Measure- 

Roll  Angle 

1 

r 

(iWft2)  ±  1  psf 

(Re  x  10"°) 

sent 

(0  -Degrees ) 

l 

i 

69 

1.10 

394 

4 

6-ccapo- 

nent 

45.00° 

i 

•j 

♦ 

static 

1 

fc 

70 

1.00 

374 

4 

6-ccmpo- 

45.00° 

nent 

71 

0.90 

346 

4 

static 

6-cctrpo- 

nent 

static 

45.00° 

t 

1 

72 

0.60 

251 

4 

6-compo- 

45.00° 

1 

1 

- 

nent 

static 

1 

1  J 

1.25 

427 

), 

•e 

nent 

ra(5 

«!•  50 

; 

• 

74 

1.00 

374 

4 

static 

6-ccnpo- 

67.50° 

1 

1 

1 

nent 

j 

{'  * 

static 

I 

75 

0.90 

348 

4 

6-ceopo- 

nent 

static 

67.50° 

! 

\ 

76 

0.60 

251 

4 

6 -compo¬ 
nent 

67.50° 

i 

static 

i 

77 

1.25 

427 

4 

6 -compo¬ 
nent 
static 

90.00° 

1 

1 

i 

78 

1.00 

374 

4 

6-coopo- 

90.00° 

79 

0.90 

346 

4 

nent 

static 

6-ccmpo- 

nent 

static 

90.00° 

80 

0.60 

251 

4 

6-compo- 

nent 

90.00° 

81 

1.25 

427 

4 

static 

6-compo- 

nent 

static 

112.50° 

82 

1.00 

374 

4 

6-compo- 

nent 

static 

112 . 50° 

83 

0.50 

348 

4 

6-ccopo- 

112.50° 

_ 

nent 

static 
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TABLE  X  (Cont’d) 


Run  Mach  No. 


Dynamic  Pressure  Reynolds  No.  Measure*  Roll  Angle 
(lbs/ft2)  *  1  psf  (Re  x  10"°)  meat  (0  -Degree*) 


84 

0.60 

251 

85 

1.25 

427 

86 

1.00 

374 

37 

0.90 

348 

88 

0.60 

OCl 

H 

69 

1.25 

427 

90 

1.00 

374 

91 

0.90 

348 

92 

0.60 

251 

93 

1.25 

427 

94 

1.20 

4n 

95 

1.10 

394 

96 

1.00 

374 

97 

0.90 

348 

98 

0.60 

251 

4 

6-coopo- 

nent 

static 

112.50° 

4 

6-c  oppo¬ 
nent 
static 

135.00° 

4 

6-compo- 

nent 

static 

135.00° 

4 

6-caarpo- 

nent 

static 

135.00° 

£ _ 

1  e  r  AArt 

T 

u«cuupu* 

nent 

static 

JO?  .00" 

4 

6 -compo¬ 
nent 
static 

157.00° 

4 

6-ccmpo- 

nent 

static 

157.00° 

4 

6-compo¬ 

nent 

static 

157.00° 

4 

6 -coupo¬ 
ns  nt 
static 

157.00° 

4 

6 -compo¬ 
nent 
static 

180.00° 

4 

6-compo- 

nent 

static 

180. co° 

4 

6-corapo- 

r.ent 

static 

180.00° 

4 

6-ccmpo- 

nent 

static 

130. CC° 

4 

6-coppo- 

r.snt 

static 

180.00° 

4 

^-compo¬ 

nent 

3  :;M; 

180. co° 
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Appendix 


The  Appendix  lists  the  static  coefficients  obtained  at  a  Reynolds 
number  of  4  x  10°  for  various  roll  angles  from  0  degrees  to  180  degrees. 
Collate  nomenclature  is  listed  at  the  top  of  the  colisni  as  shewn  on  the 
firet  page  of  the  tabulated  data. 
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